Abstract: Seismic velocity of rocks have a wide range of applications in regional tectonic research and shallow seismic exploration. Hami area is one of the important production bases for oil and gas in China, but there is short of seismic velocity. This paper contributes to the measurement of Pwave velocity of sandstones from Hami under different conditions by applying AutoLab 2000 computer-controlled servo hydraulic triaxial test system. Specifically, it shows the variation of seismic wave velocity of sandstones with respect to the water saturation under various pressures. The results show that P-wave velocity of sandstones is remarkably correlated linearly with the increasing water saturation and the correlation coefficient is over 0.9. Besides, the change rate between P-wave velocity and water saturation will decrease with the increasing pressure. The fitting formulas among pressures, water saturation and P-wave velocity are suitable for Hami region. Finally, we get a new method to predict water saturation by combining the experimental result with logging curve in Hami area.
Introduction
Prediction of fluid saturation is important in seismic interpretation . In addition, maximizing the hydrocarbon recovery of reservoir also demands for accurate estimation of fluid saturation. As a bridge of reservoir characteristics and seismic responses, rock physics tools can be applied to reduce the risk in quantitative seismic interpretation (Avseth et al., 2005; Si et al., 2015; Yin et al., 2015) . Therefore, the relationships between fluid saturation and acoustic characteristics are a crucial issue for the fluid identification methods.
Many studies have been performed to investigate the effect of saturation on the acoustic velocity of rocks experimentally and theoretically. The velocity-saturation trends were mainly affected by the content of saturation (Murphy et al., 1986; Sharma et al., 2013) , seismic properties of pore fluids (Batzle and Wang, 1992) , rock compression induced by high pressure (Dabbous et al., 1976; Yu et al., 1993; Dong et al., 2013) , and the saturation pattern of pore fluids (Knight and NolenHoeksema, 1990; Mavko and Nolen-Hoeksema, 1994). However, there is short of combination between practical engineering and experiments of pressure, water saturation and P-wave velocity. Besides, the differences among seismic velocity could be revealed under different geological attributes, so there is no unified law which could be widely used currently. This paper analyze the changing rule among pressure, water saturation and P-wave velocity of sandstones in Hami, and we get a new method to predict water saturation by combining it with logging curve in Hami region.
Experiment
There are four groups of sandstone samples that come from tarlang fm of middle Permian series in Hami, Xinjiang, China. Besides, they are collected from the outcrop which are the lacustrine sediments. Samples should be processed into standard cylindrical shape with the diameter of 25 mm and length of 50 mm. After that, the samples should be polished to ensure that the flatness is less than ± 0.02mm. The compressional(P) and shear(S) wave velocities of the sandstone samples were measured by the pulse transmission method using the AutoLab 2000 computer-controlled servo hydraulic triaxial test system with transducer heads operating at a frequency of 250-700 kHz. According to the Hornby's method (1998) of calculating the absolute velocity errors incorporating the instrument factors, the transmission method limits the absolute P-wave velocity (Vp) measurement error within 1.0% and S-wave velocity (Vs) error within 0.77%. To measure the in-situ velocities, the sandstone samples were held at the designed pressure for at least 30 minutes to make sure that the measurement system were stabilized.
The initial confining pressure of experiment is 10MPa, and there is an interval which is 30MPa among each measurement pressures. However, the change of P-wave velocity will be slow if the pressure is more than 100MPa, which hardly distinguish the experimental data. So, we only select 140MPa and 200MPa to analyze the velocity after 100MPa. (Fig.1 )
From the Figure 1 we can see that P-wave velocities of sandstones increase notably with the increasing pressure, denotes a strong linear relationship and the correlation coefficient is over 0.90 (Table 2) at the same pressure. Additionally, the change rate between P-wave velocity and water saturation also increases with increasing water saturation. Specifically, the change rate increases obviously when water saturation over 50%. It is clear that the change rate between P-wave velocity and water saturation will decrease with the increasing pressure. For example, the change rate decrease notably with the increasing pressure under low pressure, but the effect of pressure for the change rate will be smaller if pressure over 70MPa. Table 2 are the fitting formulas between wave velocity and water saturation under different pressures for samples. From the table we can see that there is a linear relationship between P-wave velocities and water saturation, but their correlation coefficient will decrease with the increasing pressure. 
Discussion
The research of sandstones' seismic wave velocity above can provide new instructions for logging work. This paper give a new method to calculate water saturation by combining the relationship among pressure, P-wave velocity and water saturation with the logging curve in Hami. Figure 2 is the well log graph with the depth from 1500 to 1660 meters and from 2620 to 2845 meters respectively. The reason why two depth intervals were chosen is that well X's drilling data indicates that the formation pressure from 1500 to 1660 meters and from 2620 to 2845 meters are about 40MPa and 70MPa respectively. So it can be related to the analysis of 40MPa and 70MPa mentioned above.
From Figure 1 we can see that the P-wave velocities of Y2, Y3 and Y4 are similar at the same pressure and water saturation as they have the similar porosity (Table 1) , but the porosity of Y1 is up to 22.1%, so its P-wave velocity is much smaller than others. So, it is suitable to take the average of P-wave velocities of Y2, Y3 and Y4, and then fit the relationship between P-wave velocity and water saturation at the same water saturation and pressure(40MPa and 70MPa). Besides, there relationship between P-wave velocity and water saturation of Y1 should be listed separately. (Table  3) Figure 2. Logging curve of well X. From the Figure 2 we can see that there are three water layers from 1500 to 1660 meters (40MPa) and two water layers from 2620 to 2845 meters (70MPa) respectively. The average of sonic transittime and porosity of every layers for these five water layers can be read through Resform, a software which draws output ( Table 4) . As the porosity of layer (1), layer (3), layer (4) and layer (5) are similar to the porosity of A category in table 3, the theoretical water saturation could be calculated by using the fitting formulas of A category when we know the pressures, porosities and the sonic transit-time (converted from P-wave velocities) of these four water layers on well log curve. Similarly, the theoretical water saturation of layer (2) could be calculated by using the fitting formulas of B category. Finally, the relative error will be gotten by comparing theoretical values with core data.
From the Table 4 we can see that the theoretical water saturation of layer (2) and layer (4) are similar to the core water saturation. As their porosities are similar to porosity of the fitting formulas in Table 3 , their relative errors are small which are 9.93% and 5.59% respectively. Additionally, the theoretical water saturation of layer (1) and layer (3) are minus, which shows that the fitting formula of A category is not suitable for them. The reason is that there is a large difference between the porosities of layer (1) and layer (3) and the theoretical porosity (from 10% to 11%) of A category. For layer (5) , the relative error between the theoretical water saturation and the core water saturation is up to 39.02% as there is a certain difference between porosity of layer (5) and the theoretical porosity of a category, which hardly makes the fitting formulas of A category fully apply to layer (5) From the discussion above, porosity plays a vital role for the comparison results. The precision of predicting the water saturation is high by using this new method when the porosity of actual formation is consistent with the theoretical porosity of the fitting formulas.
Conclusions
From the experiments, this paper draws the following three conclusions. Firstly, P-wave velocity of sandstones is remarkably correlated linearly with the increasing water saturation and the correlation coefficient is over 0.9, but the increasing rate is small at low water saturation, on the contrary, the increasing rate is big at high water saturation. The change rate between P-wave velocity and water saturation will decrease with the increasing pressure. Secondly, by doing experiments, we get the the fitting formulas between wave velocity and water saturation under different pressures for sandstones, which is suitable for Tuha oilfield and provide valuable references and basic data for interpretation of the seismic data and comparison of acoustic logging. Finally, combining the Pwave velocity with the sonic transit-time of logging curve and combining the experimental pressure with the depth of real formation with the constraint condition of porosity, and then read the average sonic transit-time of water layers in well log, the water saturation could be estimated by using the fitting formulas between P-wave velocity and water saturation in the researched region.
